Background and Purpose-A pulsatility index (PI) represents vascular resistance distal to an examined artery. The purpose of the present study was to evaluate an association between plasma total homocysteine (tHcy) and PIs of the cerebral arteries in patients with ischemic stroke. Methods-Consecutive patients with ischemic stroke referred to a neurovascular ultrasound laboratory were evaluated from March 2007 to February 2008. PI was defined as (peak systolic velocityϪend-diastolic velocity)/mean flow velocity as recommended. Transcranial Doppler was examined in both middle cerebral arteries and vertebral arteries, and basilar arteries. All patients with ischemic stroke were subdivided according to the presence of proximal internal carotid arterial steno-occlusion (ICS). Results-The numbers of patients enrolled for the present analysis as ischemic stroke without and with ICS were 272 and 92, respectively. PIs measured in the cerebral arteries did not show a significant difference in the two groups, in spite of the fact that mean flow velocities of both basilar arteries and vertebral arteries were significantly elevated in the patients with ICS. Plasma tHcy was found to be independently associated with graded increases of PIs in all cerebral arteries in the patients without ICS, even adjusted for the potential confounders. However, there was no association between tHcy and PI in the patients with ICS. Conclusion-Plasma tHcy was directly associated with increased cerebral arterial resistance. But in clinical situations when the cerebral arterial hemodynamics were altered as in the patients with ICS, the effect of tHcy on arterial remodeling could be obscured. (Stroke. 2009;40:3216-3220.)
H omocysteine (Hcy) is a naturally occurring amino acid from a methyl donor, methionine. 1 Although Hcy is essential for an intracellular metabolism, it has been reported that it reduces nitric oxide (NO) bioavailability by stimulating the formation of reactive oxygen species 2, 3 and increasing matrix metalloproteinase activity, resulting in both an alteration of vascular elastin/collagen ratio and a reduced compliance of arterial walls. 4 Hcy eventually causes a reduction of vessel radius by thickening arterial wall. 5 Even though in vivo experimental studies consistently showed the adverse effects of Hcy on arterial walls, clinical studies did not. Some observational studies have reported a significant association between plasma total homocysteine (tHcy) and increased vascular outcomes. 6, 7 But others reported negative results. 8, 9 Clinical trials have focused on tHcy reduction by folate or multivitamin treatment and subsequently measured changes in vascular events, finding somewhat diverse results. 10, 11 Meta-analyses for the clinical trials began to divide the effectiveness of the multivitamin treatments for ischemic stroke and cardiovascular disease (CVD). 12, 13 The diverse effects of tHcy on ischemic stroke and CVD may be closely related with the vascular biology of these organs. 14 Such diverse effects can be attributed to the fact that the surrounding tissues of small arteries which can indirectly affect the vascular resistance are totally different: brain parenchyma for cerebral arteries but muscle for coronary arteries. Most clinical studies, however, have just focused on an association between tHcy and vascular events, not paying much attention to pathophysiologic effect of tHcy on vascular system.
The objective of the present study was to investigate whether or not plasma tHcy was associated with pulsatility index (PI) in intracranial cerebral arteries by transcranial Doppler (TCD) examination. PI was known to be an independent risk factor for cerebral infarction 15 and reflects downstream arterial resistance. 16 The authors examined PIs in both middle cerebral arteries (MCA) and vertebral arteries (VA), as well as basilar artery (BA) in ischemic stroke patients, and analyzed relations between intracranial arterial PIs and tHcy separately according to the presence of proximal internal carotid arterial steno-occlusion (ICS), adjusting for potential confounders.
Subjects and Methods

Study Population
All patients with ischemic stroke referred to the Neurovascular Ultrasound Laboratory in stroke center of Chonbuk National Uni-versity Hospital, South Korea were recruited from March 2007 to February 2008. Patients with ischemic stroke were defined as those who had a history of cerebral infarction with an evidence of an acute focal neurological dysfunction with symptoms lasting more than 24 hours. Such symptoms were thought to be attributable to intracerebral ischemia on the basis of brain images (computed tomography or MRI). Ischemic strokes were categorized originally into 5 groups: large artery atherosclerosis (LAA), cardioembolism, small vessel occlusion, and stroke of other determined etiology, and undetermined etiology as recommended by the diagnostic criteria of the Trial of Org 10172 in Acute Stroke Treatment (TOAST) study. 17 For the present analysis, all patients were reclassified into 2 groups according to the internal carotid arterial steno-occlusion (ICS): stroke without ICS and stroke with ICS. The presence of ICS was determined if a patient had more than 50% luminal narrowing in at least one of internal carotid arteries according to the method recommended by the North American Symptomatic Carotid Endarterectomy Trial (NASCET). 18 All extracranial carotid arteries were examined with computed tomography, magnetic resonance angiography, or conventional angiography, and images obtained from such examinations were interpreted by 2 neuroradiologists. Subjects with apparent cardioembolic stroke were excluded from this study. This study was performed with the approval of the institutional ethics committee at the authors' institution, and all participating patients gave written informed consents at the time of TCD examination.
Assessments and Measurements
The data in the present study collected from the consecutive patients including prior history of CVD, type 2 diabetes mellitus (DM), hypertension, dyslipidemia, and medication usage. Smoking status was classified into 3 categories: current smokers, ex-smokers, and nonsmokers. Patients with a persistent elevation of blood pressure (ie, Ն140/90 mm Hg) or taking antihypertensive medications were classified as hypertensive according to the criteria defined by the Seventh Report of the Joint National Committee on Prevention, Detection, Evaluation, and Treatment of High Blood Pressure. 19 Subjects with type 2 DM were those who reported having been told by a physician that diabetes was present or those with fasting blood glucose of greater than 7.0 mmol/L more than 2 times according to the criteria defined by the American Diabetic Association. 20 Dyslipidemia defined as having a total cholesterol greater than 6.2 mmol/L, triglyceride greater than 2.3 mmol/L, or LDL cholesterol greater than 4.1 mmol/L as recommended. 21 Plasma tHcy was measured by fluorescence polarization immunoassay in the third day after the onset of acute ischemic stroke (AxSYM, Abbott Laboratories). All other laboratory data used in the present analysis were measured on the same day as the transcranial Doppler (TCD) examination was conducted. Blood samples were drawn in the morning after a 12-hour overnight fast and assessed with a Hitachi 7600-110 analyzer (Hitachi High-Technologies Corporation). The level of free T4 (FT4) in serum was determined by electrochemiluminescence immunoassay with Elecsys 2010 (Roche Diagnostics, GmbH). Daily quality control of the above measurements made on the Hitachi analyzer was carried out by duplicate measurements with a commercially available control material (BioRad Laboratories).
Transcranial Doppler Examination
The blood flow velocities at both right and left middle cerebral arteries (MCA), the basilar artery (BA), and both right and left vertebral arteries (VA) were measured using SONARA/tek 5.18B with 2-MHz probe. For consecutive patients referred to the Neurovascular Ultrasound Laboratory of CNU Hospital with the diagnosis of subacute (3 to 14 days from) ischemic stroke, the complete diagnostic spectral TCD examination was conducted. 22 All TCD measurements were performed by 2 trained technicians, and the study reports were prepared by 2 reviewers (M.H.L. and S.K.J.) who were blinded to each other's report. When the two reviewers did not agree, a case conference was held to discuss the discrepancy and the final conclusion on agreement was made. Pulsatility index (PI) was used as a reflection of impedance to flow distal to the point of sampling. 23 PI was automatically calculated by the TCD instrument using the following definition (peak systolic velocity-end diastolic velocity)/mean flow velocity (MFV). TCD was measured along the full segments of each cerebral artery as recommended. 22 In the present study, however, only the PIs at the most proximal segment of each artery (ie, M1 proximal segment for MCA, at 50 to 60 mm depth; proximal BA at 75 to 80 mm) were selected, because the PIs at the most proximal segment of each cerebral artery were thought to represent the arterial resistance of the relevant distal arterial beds.
Statistical Analysis
The descriptive data for the major characteristics were expressed as a meanϮSD or percentage as appropriately. An independent t test was used to determine the statistical differences in the continuous variables, and a 2 test for trend for categorical variables. A general linear model was used for all intracranial arteries to evaluate the linear relationship between adjusted PIs and tHcy level categories (tertiles) in the 2 groups (ie, patients with and without ICS) separately, because the presence of ICS might potentially modify the relation between PI and tHcy. Bonferroni tests were applied to correct for multiple comparisons. Interaction terms like categorizations (stroke with or without ICS)ϫtertiles of tHcy for PI in each intracranial artery were created, and their significance was assessed. All statistical analyses were conducted using SPSS software version 16.0 (SPSS).
Results
In total, 549 patients were referred to the Neurovascular Ultrasound Laboratory in CNU Hospital for the aforemen- Age, plasma tHcy, and the proportion of type 2 DM were significantly higher in the stroke with ICS, but FT4 levels and the proportion of women were lower in that group (see Table  1 ). Stroke laterality according to the presence of ICS was not different, but in the case with stroke with ICS, occurrences of ipsilateral stroke to the side of carotid steno-occlusion were significantly higher. For example, 64% patients had rightsided strokes with right-sided carotid stenoses, whereas 74.2% patients had left-sided strokes with left-sided carotid stenoses with probability values Ͻ0.001 for both cases. The stroke classifications according to the TOAST criteria showed a significantly higher proportion (82.6%) of LAA in the stroke with ICS compared with the stroke without ICS (55.9% with P for trendϭ0.001).
TCD accessibilities were somewhat lower in both MCAs than in BA and both VAs as indicated in Table 2 . PIs were not significantly different in all intracranial arteries according to the presence of ICS, but the mean values of MFVs at BA and both VAs were significantly higher in the stroke with ICS than without ICS. The mean values of MFVs at MCAs were greater than those at VA or BA for the case of patients without ICS. Compared with the patients without ICS, the MFV at BA in patients with ICS was found to increase by 16.6%, and those at both the right and left MCAs increased by 7.4 and 9.9%, respectively. For the case of patients with ICS, a sum of the increases in MFVs at both the right and left MCAs (17.3%) was nearly the same as the increase at BA (16.6%).
In the stroke patients without ICS, the higher tertiles of tHcy were independently associated with the graded increases of PIs in all intracranial arteries (probability values Ͻ0.05), adjusting for the vascular risk factors, hematocrit, FT4 levels, and TOAST classification (as shown in Table 3 ). But in the stroke with ICS, such an association was not observed in all arteries. Interaction terms between tHcy and the categorization according to the presence of ICS were significant for both the left MCA and BA (P for interactionϭ0.007 and 0.024, respectively).
Discussion
The present study found that an increased plasma tHcy was independently associated with increased PIs in all intracranial arteries in patients with ischemic stroke, when there was no combined internal carotid arterial steno-occlusion (ICS). The present finding adds a further scientific evidence of the adverse biological effects of tHcy on intracranial cerebral arteries and ischemic stroke. 14 To the authors' knowledge, it is the first report to show an association between tHcy and PIs of cerebral arteries in patients with ischemic stroke.
The significant interaction terms in some cerebral arteries indicated that the stroke groups could be divided according to the presence of ICS as depicted in the present study. But, the remaining question is why the associations between tHcy and PIs were only evident in the stroke patients without ICS. It is not clear whether or not tHcy exerts its adverse effects only in that particular group. The mean value of tHcy was, however, significantly higher for the case of ischemic stroke patients with ICS than for those without ICS (as shown in Table 1 ). The proportion of LAA, the subtype which was known to be closely related with an elevated tHcy, was also MeanϮSD was expressed, unless noted otherwise. ICS indicates internal carotid steno-occlusion; TCD, transcranial Doppler; MCA, middle cerebral artery; BA, basilar artery; VA, vertebral artery.
P values by independent t test.
significantly higher in the stroke with ICS. These findings indicate the possibilities of some kind of pathophysiologic roles of tHcy in the stroke with ICS in the present design, an observation that was consistent with previous studies. 24, 25 The findings in the present study showing totally different patterns of the association between PIs and tHcy among the stroke patients based on the presence of ICS should be considered carefully for the possible obscuring factors. First of all, the PIs could be already influenced by the proximal arterial stenotic lesion (ICS) so that the possibility of obscuration for the association could be issued. However, with this assumption, the authors could not explain the similar patterns of different associations between tHcy and PIs over the posterior circulatory beds like BA and VAs. Rather, the authors thought that the proximal arterial steno-occlusive lesions caused important hemodynamic changes to maintain adequate cerebral blood flow (as depicted in Table 2 ). The significantly increased MFVs in BA (16.6%), and the nearly same amounts of the increases in total MFVs at both right and left MCAs (17.3%) in the stroke patients with ICS strongly support that the increased blood flow in the posterior circulatory beds attributable to ICS might roughly compensate the equivalent amount of flow which was reduced at the carotid arteries across the circle of Willis. That kind of positive hemodynamic changes seemed to modify (even reverse) the adverse flow effect of atherosclerotic properties induced by tHcy.
PI was useful in revealing the adverse biological effects of tHcy on intracranial cerebral arteries and ischemic stroke because it eliminated a need for angular corrections 23 and reflected a downstream peripheral resistance which could be directly related with adverse effects of tHcy. 5 Compared to arteries embedded in muscle (like coronary arteries), an increased resistance in distal small arteries in brain parenchyma seemed to affect more the proximal arterial circulation.
In addition to the conventional vascular risk factors, variables such as hematocrit and FT4 levels were adjusted in the present study. The additional adjustment of these variables seemed to be meaningful because these factors were known to be correlated with whole blood circulatory status.
The slightly lower FT4 levels in the stroke with ICS might suggest the role of subclinical hypothyroidism for atherosclerosis, even it should be elucidated further. 26 The present study had some limitations. First, the sampling time for tHcy was slightly different (earlier) from TCD examination so that there could be some intervening effect of time span between them. But tHcy was reported to fluctuate after vascular events in some studies, 27 and TCD was also variable after 24 hours of vascular accidents. 28 Hence, to improve the consistency in data, the authors sampled tHcy and measured TCD separately. Second, the present study was performed for consecutive patients as a cross-sectional design so that a causal relationship between tHcy and increased PIs could not be defined. The findings in the present study should be reevaluated with a longitudinal or interventional design for the pathophysiologic roles of tHcy on vascular remodeling by considering possibly altered hemodynamics. Third, information about an intake of folic acid or nutritional supplements was not obtained in the present study. However, folic acid fortification was not obligatory in South Korea, and all patients were evaluated for both neuroimaging and tHcy initially in their initial strokes, and according to the results, vitamin supplement was considered and initiated for the relevant patients. Lastly, the cerebral arterial status distal to the selected PIs for the present study was not described thoroughly. The distal arterial status could be variable and influence the proximal PIs itself. However, the results adjusted with TOAST classification as in Table 3 showed the robust associations between tHcy and cerebral arterial PIs. The subtype of LAA for the patients with no proximal ICS (55.9%) seemed to largely have the intracranial atherosclerosis because extracranial steno-occlusion (stroke with ICS) was already excluded.
In summary, plasma tHcy was associated with graded increases of PIs in cerebral arteries in patients with ischemic stroke, reflecting its direct influence on increased cerebral arterial resistance. But in clinical situations where the cerebral arterial hemodynamics was altered, the effect of tHcy on arterial remodeling (atherosclerosis) could be obscured in the patients with ICS. 
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